Abstract. The lake-rich Qinghai-Tibet Plateau (QTP) has significant impacts on regional and global 15 water cycles and monsoon systems through heat and water vapor exchange. The lake-atmosphere 16 interactions have been quantified over open-water periods, yet little is known about the lake ice 17 thermodynamics and heat and mass balance during ice-covered season due to a lack of field data.
Introduction 34
The Qinghai-Tibet Plateau (QTP), characterized by a mean altitude of more than 4000 m above sea 35 temperature (T a ), air relative humidity (Rh), atmospheric pressure (P a ), water vapor pressure in the air 125 (e a ), wind speed (V a ) and direction, incident short-and long-wave irradiance (Q l and Q s ) at 2 m and 10 126 m above the ground surface, and accumulated precipitation (water equivalent, Prec). In this paper we 127 focus on the ice season of 2010/2011, when the observed datasets have the highest quality and least 128 missing values. Furthermore, the data reveal a typical seasonal cycle of the lake ice phenology (Fig. 2) . 129
In early freezing season in late October, a thin ice layer typically formed at nights and melted during 130 daytime. Finally, a stable ice cover formed in early November (freeze-up). A strong surface sublimation 131 process at the ice-air interface was observed through the whole ice season, reducing the total ice 132 thickness congealed from the ice-water interface. The absolute thickness reached its maximum (~ 60 133 cm) in early February. On the basis of our field visits during freezing (early December) and melting 134 (late March) stages and the constant low temperature and strong wind through the ice season, we 135 concluded that the ice surface was most probably persistently dry throughout the 2010/2011 ice season. 136
Thermodynamic snow and ice model 137
A well calibrated (Launiainen and Cheng, 1998 where Q s and Q l is the incident shortwave and longwave radiation, respectively,  is the surface albedo, 143
 is the fraction of solar radiation penetrating the surface,  is the thermal emissivity of the surface 144 (ice/snow),  is the Stefan-Boltzmann constant, T s is the surface temperature, Q le and Q h are the latent 145 and sensible heat fluxes, Q p is the heat flux from precipitation, which can be neglected in QTP during 146 wintertime, F c is the conductive heat flux in the ice at the surface, and F m is the surface heat balance. 147
Surface melting is accordingly calculated as: 148
where  i is the ice density, L f is the latent heat of freezing, k iup is the thermal conductivity of ice at 150 upper ice layer, T is the ice temperature, and z is the vertical coordinate. The incident short-and 151 longwave radiative fluxes are either parameterized, taking into account cloudiness, or prescribed by 152 observations or NWP model output. The penetration of solar radiation into the snow and ice is 153 parameterized according to surface albedo and optical properties of snow and ice. The turbulent heat 154 fluxes (Q e and Q c ) at ice-air interface are parameterized using the bulk-aerodynamic formulae as 155
where  a is the air density, L is the latent heat of sublimation of ice when T s < 0°C or of evaporation of 159 water when T s  0°C, V a is the wind speed at the reference height (2.0 m), q s and T s are the specific 160 humidity and air temperature at the ice surface, q a and T a are the specific humidity and temperature of 161 air at the reference height, and C e and C h are the bulk transfer coefficients for heat and water vapor, 162
respectively. Both transfer coefficients are parameterized taking into account the thermal stratification 163 of the atmospheric boundary layer (Launiainen and Cheng, 1998; Wang et al., 2015 
= (5) 166
At the bottom boundary, the ice growth/melt is calculated on the basis of the difference between the 167 heat flux from lake water to ice base (F w ) and the conductive heat flux at the ice bottom layer: 168
where k idn is the thermal conductivity of ice at ice bottom layer. In HIGHTSI, F w is either prescribed as 170 a constant value or prescribed based on in situ observations. 171
The evolutions of thickness and temperature of snow and ice are obtained by solving the heat 172 conduction equations for multiple ice and snow layers. Eq (1) solves the surface temperature, which is 173 used as the upper boundary condition as well as to determine whether surface melting occurs. The ice 174 bottom temperature keeps at the freezing point. 175
Meteorological data and model parameters 176
The meteorological data are based on the BWS (Fig. 3) . The 2-m air temperature observed on the lake 177 site was highly correlated with the measurement at BWS station (R 2 = 0.98). The T a has a strong 178 diurnal cycle in response to the large diurnal cycle of solar radiation. The mean T a was -10.6 °C during 179 in this study, but the impact of the surface dust film was not taken into consideration. 199
When running the HIGHTSI model, we have to input values of the heat flux F w . which is quite 200 challenging to be observed. Actually, we estimate F w using heat residual method at ice base based on in 201 situ measurements of in-ice temperature profile and the rate of basal ice growth (Huang et 
Results and analysis 206

Lake ice thickness and mass balance 207
The BLH-A lake ice congelation lasted from early November to the beginning of February. Through 208 February, the ice growth reached a thermal equilibrium stage, and the ice thickness did not change 209 much. From the beginning of March, the ice started to melt, most at the ice bottom and also within the 210 ice interior. Finally, the ice cover disappeared at the end of April. The growth, thermal equilibrium, and 211 melting periods lasted for approximately 87, 30, and 56 days, respectively. 212
The lake ice mass balance consists of several components (Fig. 4a) . The ice bottom evolution 213 surface. The observed air-ice interface evolution (Fig. 2) revealed the integrated impacts of surface 217 sublimation and melting (during the late season), which could not be instrumentally delineated from 218 each other. By regrouping the modeled ice mass balance components, we can calculate the evolution of 219 the ice surface (i.e. surface sublimation + melting) and ice bottom, and compare them with the 220 measurements ( Fig. 4b) . Although the modeled bottom depth is 4.2 cm larger than measured one (Table  221 2), the HIGHTSI model very well captured the general evolution both at the ice surface and bottom. 222
The modeled total ice thickness (i.e. Depth B Depth S ) is in good agreement with the observations (Fig.  223 4c). However, during day 460, the ice melting was stopped due to a snowfall event. This short-term 224 pause was not revealed by the model since the snow thickness was assumed zero. 225 HIGHTSI modeling also affirmed that there are obvious and strong diurnal cycles of freezing and 226 melting at the ice bottom when the ice thickness is less than ~ 20 cm, especially in late spring. For 227 instance, during the melting stage, the ice melts rapidly from 9:00-10:00 to 17:00-18:00, and undergoes 228 an equilibrium or minor growth from 18:00 to 6:00-8:00, then melts again during daytime at the bottom. 229 Besides, the model also detected diurnal variations in the surface sublimation and melting. 230
Statistical analysis indicated that the model results and measurements for ice mass balance have a 231
high correlation (R > 0.97) and small standard deviations (< 3.6 cm), and match very well in terms of 232 surface and bottom depth evolutions and ice thickness with MAEs and RMSEs generally lower than 5.5 233 cm (Table 2) . 234
Lake ice temperatures 235
The modeled ice temperature regime ( radiation. This is consistent with the observed ice thermal dynamics. The calculated surface 238 temperature of ice was continuously lower than the freezing point, except during daytime in late April, 239
when it reveal at the melting point causing some cycles of daytime-melting and nighttime-freezing at 240 the surface. 241
The calculated and observed vertical profiles of ice temperature were compared at selected time 242 steps (Fig. 6 ). The ice temperature was modeled quite well during the ice growth period (Figs. 6a-d) . 243
During the equilibrium and melting stages, the observed and modeled temperature discrepancies were 244 larger especially at the surface and bottom parts. This could have resulted from several processes. From 245 the beginning of the equilibrium stage, the solar radiation increased gradually and was absorbed by the 246
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thermistor sensors at top layer, leading to higher observed values near the surface during daytime (Fig.  247   6e) . During the melting period, the bottommost part of the ice column underwent fast phase change, 248 and the inter-crystal spaces could be filled with underlying warm water. The sensors near the ice 249 bottom actually detected the integrated temperature of ice and water, thus the observed temperature 250 could be quite close to and even slightly higher than the freezing point (0 °C) (Figs. 6e,f) . On the other 251 hand, the linearly interpolated surface depth is likely to cause errors in determining the true sensor 252 depths within the sublimating ice cover, causing some temperature differences. 253
Modeled Energy balance 254
The lake ice thickening and thinning and temperature regime (i.e. phase transitions) are governed by 255 the energy transport and translation through the air-ice-water column. The good performances of 256 HIGHTSI model in calculating the ice mass balance and temperature dynamics argue comprehensive 257 estimates of heat/radiation transfer and partitioning within the air-ice-water column. For a seasonal 258 cycle, the monthly means of various heat fluxes were calculated at the ice surface, within the ice 259 interior, and at the ice bottom (Table 3) . 260
The net shortwave radiation (Q sn ) absorbed by the lake acted as a main energy source for ice and 261 water thermodynamics, and followed the seasonal variation of total incident solar radiation (Q s ). The 262 Q sn penetrated through the ice surface and interior, and into the under-ice water column, thus, it was 263 divided into three parts: the net solar radiation used for surface energy balance (Q ss =(1)(1)Q s ) 264 (~43% of Q sn ), the absorption by the ice interior beneath surface (Q si ) (~36%), and the absorption by 265 water (Q sw ) (~21%), all of which also showed similar seasonal variation to Q s . The water heat flux into 266 ice (F w ) represents the temperature difference between the water and ice bottom, was larger when the 267 ice was thinner. The turbulent heat fluxes did not show strong seasonal variations through the ice 268 season. Furthermore, almost all of the heat fluxes showed strong diurnal variations (Fig. 7) . All 269 radiative fluxes (Q s , Q sn , Q si , and Q sw ) had synchronous diurnal cycles, peaked at noon and disappeared 270 through night. The sensible heat flux (Q h ) peaked in the afternoon and had its minimum just before the 271 dawn. The latent heat flux (Q le ) had an opposite diurnal pattern with a minimum in the afternoon and 272 maximum in the early morning. The net longwave radiation (Q ln ) and surface conductive heat flux (F c ) 273 had a roughly opposite diurnal phase to each other with extremes appeared in the midnight. 274
At the surface (i.e. the surface layer in the model), the upward conductive heat flux (F c ) represents 275 the near surface ice temperature gradient. When the ice was thin (e.g. in November), the larger F c 276 indicates more heat lost from the ice bottom to surface, and thus rapid ice growth. The net long-wave 277 radiation (Q ln =Q l T s 4 ) was consistently negative and indicated the cold ice surface emitted the heat 278 back to the air/space all the time. The sensible heat flux (Q h ) was generally positive, thus argued heat 279 gain from the air. The large negative latent heat flux (Q le ) (Table 3 ) manifested the surface sublimation 280 was strong (Fig. 4a) . For the surface heat balancing (Eq. 1), the residual F m was close to zero, 281 indicating a dry cold surface. But in April, its positive value revealed the ice melted at surface (Fig. 4a) , 282 and the latent heat was induced by the evaporation of meltwater during late melting season instead of 283 the sublimation of ice. 284
Within the ice interior, the absorbed solar radiation Q si was used to heat the ice during daytime and 285 thus caused the diurnal variation in ice temperature (Fig. 5) , and also led to internal melting in way of 286 gas pore expansion during the late ice season (Leppä ranta et al., 2010) . 287
Beneath the ice bottom, the under-ice water column absorbed the transmitted solar radiation Q sw and 288 raised its temperature at daytime. According to the lake sediment temperature measurements in BLH-A 289 ), consequently, this heat flux can be ignored. For the 291 energy balance of under-ice water, the penetrated solar radiation is the pivotal heat source, of which 56% 292 is released into the ice bottom (F w ), 44% is used to increase the bulk water temperature and partly is 293 transformed to turbulent kinetic energy forcing water convection, and few (< 0.1%) is transported to 294 bottom sediment (permafrost and talik). , the modeled results are 307 within the ranges of observed values with respect to total and bottom growth ice thicknesses. 308
In reality, F w is not a constant value. Model experiments argued that the mass balance at ice base 309 cannot be reproduced using constant F w through the whole ice season. Based on heat residual method, 310
we created the time series of F w (Fig. 9) to carry out the reference run (Fig. 4) that gave a very good 311 agreement to the observations. 312
Differ from the ocean and large deep lake, where the variation of F w is largely driven by the 313 under-ice currents (Krishfield and Perovich, 2005; Rizk et al., 2014), BLH-A was very shallow and the 314 water below ice is largely at a standstill, so the driving force for F w most likely is the penetrated solar 315 radiation. The modeled solar radiative flux that penetrates through the ice layer and reaches at ice 316 bottom is plotted in Fig. 9 . In early simulation, ice was very thin and surface albedo is small, so large 317 part of solar radiation penetrated through ice layer and warmed the underlying water, creating large F w . 318
When ice was getting thicker, surface albedo increased and penetrated solar radiation was reduced. In 319 later part of the season, melting of ice reduced surface albedo, the downward solar radiation from sky 320 was increased, and thus, more solar radiation was accordingly absorbed in the lake water below ice. 321
The average solar radiation absorbed by under-ice water column during entire simulation period was 22 322 . The total 25 W m -2 is in the range of good agreement between observed and modeled ice 324 thickness (Fig. 8) . 325
Discussion 326
Implication on ABL over ice-covered lakes 327
The characteristics of the ABL play a direct role in the turbulent heat and mass fluxes and thus the 328 effects of lakes on local and regional monsoon systems and water cycles. Recent findings indicated that 329
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November when the ice was rapidly growing, especially when the ice thickness was less than ~ 10 cm 338 The net heat exchange (Q net = Q sn +Q ln +Q h +Q le ) through the atmosphere-lake interface showed strong 358 diurnal and seasonal cycle. Q net increased gradually through the whole ice season. The lake ice released 359 heat into the atmosphere before early March, and then absorbed heat from the atmosphere. Integrated 360 over the ice season, the lake released heat of about 266 MJ m -2 (i.e. ~17 W m -2 ). 361
Water vapor flux and lake water balance 362
The water balance in a lake reads
where V is the lake water change, and P, E, R s and R g are the precipitation, evaporation, net surface 365 inflow and subsurface inflow, respectively. 366
During the freezing season in central QTP, the precipitation is generally quite small and the surface 367 inflow and outflow through gullies and streams are typically blocked due to the freezing conditions. 368 Therefore, the lake water balance is strongly affected by evaporation/sublimation and subsurface 369 inflow/outflow. 370 Assuming ice density of 900 kg m -3 , the modeled sublimated ice thickness E can be converted to 371 water equivalent (WE) (Fig. 12) . The monthly mean sublimation was the weakest in December and 372
January, but higher in February and March. This is probably due to the higher air temperature, stronger 373 winds, and more incident long-and short-wave radiation than before according to Eqs (3) and (5) (Fig.  374   3) . Through the entire ice season, the ice surface water loss due to evaporation/sublimation was 375 approximately 207 mm WE. 376
The BLH-A lake water level observations revealed a decreasing of 0.50 m through the whole ice 377 
Summary and conclusion 384
The ice season was characterized by a freezing period (9 November -4 February), a thermal 385 equilibrium period (5 February -10 March), and a melting period (11 March -30 April). During the 386 freezing period, strong atmospheric cooling caused a growth of congelation ice of about 70 cm. The 387 major driving force for ice growth was a consistent subzero air temperature (mean -13 °C) and a strong 388 average net longwave radiative cooling (-97 W m -2 ), although the ice surface absorbed a net downward 389 solar radiative flux of 77 W m -2 on the average. 390
During melting period, the ice melt rate was about 14 mm/day. Basal melting dominated and surface 391 melting was seen only by the very end of the ice season, because air temperatures remained subzero 392 during most of the winter. A total 0.23 m of ice thickness was lost at the surface due to a sustained 393 sublimation process during the entire study period. This is caused by a combined effect of prevailing 394 strong winds and dry air. The observed average wind speed and relative humidity were 7 m s -1 and 34%, 395
respectively. 396
Ice thickness modelled by HIGHTSI was in good agreement with observations, in particular the total 397 ice thickness. The surface sublimation and basal freezing and melting as well as ice temperature 398 regimes were comparable to those observed. The modelled surface energy balance indicated that the net 399 long-wave radiative cooling (-97 W m -2 ) and upward conductive heat flux in the ice interior as well as 400 turbulent latent heat flux dominated the ice surface energy and mass balance. The average net solar 401 radiative flux was large (181 W m -2 ); 40% of it was reflected back to the space, 34% was absorbed 402 below the ice surface, and only 26% was used for surface energy balance. Diurnal cycles of surface 403 heat fluxes were driven by the diurnal variations of shortwave radiation. The observed air temperature 404 and calculated ice surface temperature suggested a consistent stably stratificated ABL uring most of the 405 ice-covered period, except when the ice thickness was less than ~10 cm. Through the whole 406 ice-covered season, the lake (ice) released 17 W m -2 heat to the atmosphere. 407
The ice surface mass balance was dominated by surface ice sublimation, which was modeled very 408
well. The sublimation was demonstrated to be a key component for lake water balance and accounted 409 for 41% of lake water loss during wintertime. In light of the generally low air humidity and strong wind 410 over QTP, the sublimation can be critical for the water balance of a large number of shallow lakes and 411 ponds over the QTP, and further research (obs and mod) is needed for the quantification of sublimation 412
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-616 Manuscript under review for journal Hydrol. Earth Syst. Sci. The water-ice heat flux F w controlled the basal, and thus, the net ice thickness evolution. The model 414 experiments indicated that constant F w through the whole ice season cannot produce a reasonable basal 415 mass balance. A parameterized time series of F w was used and gave realistic results. This confirmed the 416 temporal variation in F w in shallow QTP thermokarst lakes. Many more observing efforts should be 417 made to quantify it and its governing physics. 418
The present modeling indicated that the largest uncertainty for QTP lake ice modeling is the effect of 419 
